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Liber Abaci: A Translation in Modern English of Leonardo Pisano’s Book of
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Single-Molecule Studies of the Eukaryotic Replicative DNA Helicase
MCM2-7
Hasan Yardimci, Antoine M. van Oijen, Johannes C. Walter.
In eukaryotes, double hexamers of the replicative DNA helicase MCM2-7 are
loaded onto double-stranded DNA (dsDNA) at each origin of replication in
the G1 phase of the cell cycle. In S phase, numerous accessory factors acti-
vate the helicase activity of MCM2-7, leading to unwinding of the DNA tem-
plate. Despite decades of study, it remains unclear how MCM2-7 unwinds
DNA. One model is that upon activation, MCM2-7 goes through a conforma-
tional change to encircle single-stranded DNA (ssDNA) whereupon it trans-
locates along one strand while excluding the other (steric exclusion). An
alternative model envisions that MCM2-7 translocates along dsDNA. As
DNA emerges the rear exit channel of MCM2-7, it is split by a rigid pin
that bisects the channel. To distinguish between the two scenarios, we
used an experimental system that allows single-molecule visualization of
DNA replication in Xenopus egg extracts. We attached a quantum-dot
(Qdot) to lambda DNA at a specific location that served as a road block
for replication forks. Upon exposure of such Qdot-labeled lambda DNA to
extracts in a microfluidic flow cell, a significant fraction of forks bypassed
the Qdot when it was located on the lagging strand template but not when
it was located on the leading strand template. Our results support the model
that MCM2-7 translocates in the 3’ to 5’ direction along ssDNA and unwinds
DNA by sterically excluding the opposite strand. Our results suggest that the
large number of factors that are required to activate the MCM2-7 complex at
the G1/S transition function by remodeling the MCM2-7 complex from
a dsDNA binding mode to a ssDNA binding mode.
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Dna Unwinding Dynamics of a Processive DNA Polymerase
Borja Ibarra, Jose Morin, Francisco Cao, Margarita Salas,
Jose M. Valpuesta, Jose L. Carrascosa.
During DNA replication mechanical unwinding of the DNA helix is required
for the advance of the replication machinery. Unlike many DNA polymerases
the bacteriophage Phi29 DNA polymerase presents a processive ‘helicase-
like’ activity and is able to couple DNA replication and unwinding within
the same polypeptide. Using Optical Tweezers we have developed a single
molecule mechanical assay to elucidate the physical mechanism of DNA un-
winding by the Phi29 DNA polymerase as the protein replicates processively
the DNA. A DNA hairpin is hold between an optical trap and a mobile sur-
face. As a single polymerase works on the hairpin its replication and unwind-
ing activities can be measured in real time (by measuring the change in
extension in the DNA polymer), revealing the fluctuations of their rates in
response to the DNA sequence and force applied in the direction of unwind-
ing. The sequence and force sensitivities of the unwinding reaction of the
wild type and an unwinding-deficient polymerase mutant indicate that the
Phi29 DNA polymerase presents an active unwinding mechanism that may
substantially differ from the unwinding mechanism used by specialized nu-
cleic acid helicases.
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Recombination Hotspots and SSB Proteins Couple Translocation and
Unwinding Activities of the AddAb Helicase-Nuclease
Joseph T.P. Yeeles, Kara van Aelst, Mark S. Dillingham,
Fernando Moreno-Herrero.
Recombinational repair of DNA breaks requires processing of a DNA end to
a 30-ssDNA overhang. In B.subtilis, this task is done by the helicase-nuclease
AddAB which generates ssDNA overhangs terminated at a recombination hot-
spot (Chi) sequence. In this work, we have used stopped flow DNA unwinding
assays and atomic force microscopy to investigate the processing of DNA
breaks by the AddAB helicase-nuclease. In the absence of single-stranded bind-
ing proteins, we found that translocation and unwinding activities of AddABare uncoupled due to re-annealing of nascent single-stranded DNA. However,
recognition of Chi sequences during AddAB translocation activates unwinding
by coupling both activities. Helicase activity of AddAB is also activated by
binding of SSB proteins or activity of multiple AddAB in multiple turnover re-
actions by preventing re-annealing of DNA strands. The implications of these
findings for our understanding of DNA break repair intermediates and of gen-
eral helicase mechanisms will be discussed.
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Segregation of Sister Chromosomes in E. coli is Governed by the Shape of
the Nucleoid and the Release of Inter-Sister ‘‘snaps’’
Jay K. Fisher, Aude Bourniquel, Mara Prentiss, Nancy Kleckner.
E. coli chromosome dynamics occurring throughout the cell cycle, as defined
by fluorescence microscopy of living cells grown in a microfluidic device,
have been analyzed in 3D at high resolution. Imaging of the nucleoid (HU-
mCherry) reveals an asymmetric left-handed helicoidal ellipsoid. The shape
can be seen to exert radial pushing forces at points of contact with the cell pe-
riphery, thereby defining complementary intracellular compartments. These
compartments constrain the location of DNA replication and determine the
paths taken by newly replicated DNA. As replication proceeds, two types of
abrupt changes are obsserved: (i) rotation and modulation of the helix without
change in basic shape; and (ii) longitudinal protrusion, first of one sister nucle-
oid towards the old cell pole and then of the other sister nucleoid towards the
new cell pole. These two protrusion steps correspond to previously-described
transitions involving release of specialized inter-sister ‘‘snaps’’. We propose
that loss of the inter-sister ‘‘snaps’’ and ensuing nucleoid movements, as
well as other dynamic effects seen later in the cell cycle, are driven by accumu-
lation and release of mechanical stress arising from the intra-nucleoid repulsive
forces, likely arising via interactions between negatively supercoiled plecto-
nemes. We further propose that nucleoid shape arises via repulsion under con-
finement. Overall these findings lead to a picture in which the E.coli nucleoid is
a ‘‘bag of springs’’, not a ‘‘bag of string’’, and where intrinsic physical proper-
ties of the DNA dictate the behaviors and dispositions of other components via
mechanically-driven effects.
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Mechanism of Yeast Clamp Loading on DNA
Tae-Hee Lee, Stephen Benkovic, Padmaja Mishra, Ravindra Kumar.
Based on biochemical and single molecule fluorescence measurements using
the yeast proliferating cell antigen (PCNA) and replication factor C (RFC),
we studied the assembly of the RFC$PCNA$DNA complex and its progres-
sion to holoenzyme in the presence of polymerase d (Pol d). Our data indi-
cate that i) PCNA loads to DNA through multiple conformational states; ii)
PCNA loading is successful after several failed attempts; iii) there are two
different states of PCNA loaded on DNA; iv) in the presence of Pol
d only one of the two states proceeds to the RFC$PCNA$DNA$Pold holoen-
zyme. These findings redefine and deepen our understanding of the clamp
loading process and reveal that it is surprisingly one of trial and error to ar-
rive at a heuristic solution.
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Nucleotide and DNA-Induced Structural Transitions and the Coupling
Between ATP and DNA Binding Sites in RecA
Tao Jiang.
RecA is the prototype of ATPase proteins that mediates homologous DNA re-
combination. RecA requires ATP to promote the binding of DNA, as both
ADP- and nucleotide-free states show low DNA binding affinity. We investi-
gated how ATP binding affects the dynamics of DNA binding Loops, and ac-
tivates RecA by the interactions between b-/g-phosphate and Walker A and
Walker B motifs, as well as through the contacts made between the C-terminal
and the central domains within the protein. DNA binding results in the forma-
tion of the extended, active conformation of the RecA filament, which catalyzes
strand exchange. We have performed a set of molecular dynamics simulations
on the active RecA, with ATP/ADP/nucleotide-free bound, to investigate the
conformational transitions between the active and inactive states. Our simula-
tions have revealed that the structural changes upon ATP binding are confined
to small motifs, while the conformational changes upon DNA binding involve
larger scale rearrangement of the protein, namely the rotation of monomers
with respect to each other. The results suggest that ATP binding stabilizes
the L1 and L2 DNA binding loops, mediated through specific residues located
between the ATP and DNA binding sites that sense the presence of g-phos-
phate. Furthermore, DNA binding leads to monomer rotations to form the ex-
tended conformation by affecting the interfaces of the adjacent monomers with
240a Monday, March 7, 2011the help of the bound nucleotide. Based on these simulations, we propose that
the ATP and DNA binding enhance the binding of each other by an allosteric
mechanism mediated by a series of residues between the ATP and DNA bind-
ing sites.
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Distinct Conformational Changes of MutS during DNA Mismatch Repair
Jong-Bong Lee, Cherlhyun Jeong, Won-Ki Cho, Changill Ban,
Richard Fishel.
It has been studied that DNA repair proteins search a target via a 1-dimensional
diffusion along naked DNA. Due to the absence of the target on DNA this
single-molecule tracking approach lacked of understanding the catalytic func-
tion of the repair proteins and moreover the mechanism of the downstream
transactions for the repair of an error on the DNA. We present the catalytic pro-
cesses of MutS, mismatch repair initiation protein, on a mismatched DNA that
bears an unpaired nucleotide. Our single-molecule analysis reveals that MutS
undergoes two distinct conformational changes during DNA mismatch repair
(MMR). MutS forms a transient clamp that scans duplex DNA for the unpaired
nucleotide and a different sliding clamp that is induced by ATP binding to the
mismatch-boundMutS with unusual stability on DNA. These observations sug-
gest a mechanism of how MMR machinery can be recruited for the strand in-
cision, which is highly controversial.
1316-Pos Board B226
Reconstitution of Bacterial Plasmid Segregation and its Dynamic Pattern
Formation
Ling Chin Hwang, Yong-Woon Han, Anthony Vecchiarelli,
Barbara Funnell, Kiyoshi Mizuuchi.
The segregation of genetic material prior to cell division is an essential process
for all organisms. In order to maintain faithful inheritance of genetic informa-
tion, chromosome copies must be partitioned to the daughter cells before cell
division. The bacterial P1 plasmid in Escherichia coli is a simple yet useful
model system to study the mechanism of chromosome segregation in prokary-
otes as they encode only three components that are necessary for plasmid par-
titioning: a parS DNA sequence on the plasmid acting as the partition site and
two partition proteins, ParA and ParB. In vivo studies have shown that the dy-
namics of ParA, an ATPase, is involved in the positioning of the plasmid copies
with ParB bound at parS sites prior to cell division, but how these three com-
ponents work together to drive plasmid segregation remains unanswered [1].
To better understand the mechanism of P1 plasmid partitioning, we have pre-
viously characterized ATP-dependent DNA binding process of ParA [2]. In this
work, we reconstituted the three-component partition system in a cell-free re-
action. We present the spatio-temporal dynamics of the ParA/B/S partition sys-
tem observed real-time using TIRF microscopy.
[1] Gerdes K, Howard M, Szardenings F, Cell. 2010; 141(6): 927-42.
[2] Vecchiarelli AG, Han YW, Tan X, Mizuuchi M, Ghirlando R, Biertu¨mpfel
C, Funnell BE, Mizuuchi K., Mol. Microbiol. 2010; 78(1): 78-91.
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Annealing Helicase HARP: A Single Molecule Study
Iwijn De Vlaminck, Timur Yusufzai, Marijn T.J. van Loenhout, Iztok Vidic,
Roland Kanaar, Joyce H.G. Lebbink, James T. Kadonaga, Cees Dekker.
HepA related protein (HARP) is an annealing helicase capable of rewinding
complementary ssDNA stabilized by the single stranded (ss) DNA-binding pro-
tein Replication Protein A (RPA) [1]. Mutations in HARP ATPase are respon-
sible for Schimke immuno-osseous dysplasia (SIOD). Recent reports show that
HARP is recruited to sites of DNA damage via a binding interaction with RPA
and, put HARP functionally at the replication fork under circumstances of rep-
licative stress [2].
Here, we use a magnetic-tweezers single-molecule assay to study mechanistic
aspects of HARP annealing-helicase activity. In a first step of the single-
molecule assay, hRPA-stabilized bubbles of ssDNA are formed in a dsDNA
molecule via hRPA-induced unwinding of dsDNA. hRPA locally unwinds dou-
ble stranded DNA by binding and stabilizing bubbles of ssDNA, a process that
relies on torsional energy present in the DNA [3]. Subsequently, we use the
hRPA-stabilized bubbles of ssDNA as a starting substrate for studying the an-
nealing helicase activity of HARP. We find that HARP is capable of complete
rewinding of hRPA-bound bubbles of ssDNA. We confirm that the annealing
helicase activity is ATP-dependent. The recorded reaction rates are propor-
tional to [HARP] and sensitive to [KCL] with slower reactions occurring at
higher [KCl]. Our results suggest that HARP, rather than actively displacing
hRPA, functions as a ratchet that displaces hRPA by preventing rebinding of
dissociated hRPA DNA-binding domains.
[1] T. Yusufzai et al. Science (2008).
[2] R. Driscoll et al Genes & Dev (2009).
[3] I. De Vlaminck et al., Nucleic Acids Research (2010).1318-Pos Board B228
Resolving RAD51 Filament Nucleation, Extension and Disassembly on
ssDNA and dsDNA One Protein at a Time
Andrea Candelli, J.T. Holthausen, M. Modesti, R. Kanaar, C. Wyman,
Erwin Peterman, Gijs J. Wuite.
Homologous recombination is essential for the preservation of genome stabil-
ity. The core protein in this process, RAD51, drives homology search and DNA
strand exchange, processes that requires the nucleation, assembly and disas-
sembly of a RAD51 filament on single-stranded (ss) and double-stranded
(ds)DNA, coupled to ATP binding and hydrolysis. Here we show that we
can characterize all these RAD51 DNA transactions on long individual DNA
molecules, in real-time, at the single-protein level using a combination of
single-molecule fluorescence microscopy and optical tweezers. These experi-
ments show that the sizes of RAD51 nuclei on ssDNA vary and display a broad
Poissonian distribution with an average size of 4 monomers. Filament exten-
sion tracked in time with single-protein resolution reveals that nuclei extend
by one RAD51 monomer at a time with a rate independent of tension on the
ssDNA. This is in contrast to force-dependent monomeric extension on
dsDNA. Counting and timing individual RAD51 monomers disassembling
from nucleoprotein filament on ssDNA also yields contrasting results compared
with dsDNA, reflecting the difference in the underlying mechanical properties
ssDNA and dsDNA based nucleoprotein filaments. Together, these results yield
unprecedented quantitative insight in the mechanical rearrangement during for-
mation and collapse of RAD51 nucleoprotein filaments.
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Investigating Nucleotide Excision DNA Repair by Single-Molecule
Imaging of Quantum Dot Labeled Proteins Reveals Unique Scanning
Mechanisms
Robert Keller, Hong Wang, Mohammed A. Towheed, Bennett Van Houten,
Neil M. Kad.
How DNA repair proteins locate and repair lesions amongst a vast excess of
undamaged DNA is a key question for cell survival across all kingdoms of
life. Previously, using a newly developed single molecule approach we studied
how the emergent properties of the first two enzymes (UvrA & UvrB) of the
prokaryotic Nucleotide Excision Repair system made this lesion search possi-
ble. In this study we have introduced the next enzyme in the pathway, UvrC,
which nicks the DNA backbone 5’ and 3’ to the pre-incision complex formed
after UvrAB finds the lesion. This provides a substrate for DNA helicase II
which subsequently removes the damage-containing oligonucleotide. We
have cloned and expressed UvrC with an avi-tag that covalently links to biotin
thus providing a conjugation moiety for quantum dot attachment. Electropho-
retic mobility shift assays indicate that tagged UvrC is still able to bind DNA
and AFM data suggest that UvrC is a monomer. Initial fluorescence results us-
ing our single molecule ‘tightrope’ approach indicate that when a color mixed
population of UvrC is investigated there is little colocalization, confirming
a monomer is capable of binding to DNA. The interaction of UvrC with
DNA shows an interesting pattern of a short period of 1D diffusion before halt-
ing on the DNA. However, in the presence of UvrB we observe that the diffu-
sive motion persists for the duration of attachment. Not only does this suggest
that UvrB alters the search mechanism of UvrC, as it does for UvrA, but also
that UvrC is capable of bringing UvrB to the DNA. Physiologically, UvrC may
take advantage of the cellular excess of UvrB to enhance its diffusive search for
other UvrB molecules trapped in pre-incision complexes.
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Novel Conformational States in Mutator DNA Polymerases Observed
Using Single-Molecule FRET
Johannes Hohlbein, Catherine M. Joyce, Pouya Shoolizadeh, Geraint Evans,
Olga Potapova, Oya Bermek, Diego Duchillumigusin, Nigel D.F. Grindley,
Achillefs N. Kapanidis.
The remarkable fidelity of DNA polymerases depends largely on their efficient
rejection of incorrect nucleotides prior to nucleotide addition. Previously, we
used single-molecule FRET to examine fidelity-related conformational transi-
tions preceding nucleotide addition by DNA polymerase I (Klenow fragment).
Our experiments distinguished the open and closed conformations that predom-
inate in the binary Pol-DNA and ternary Pol-DNA-dNTP(complementary)
complexes, and showed that the unliganded polymerase is highly conforma-
tionally flexible. We also showed that ternary complexes with mismatched
dNTPs or complementary ribonucleotides form novel FRET species perhaps
corresponding to partially closed conformations which may act as kinetic
checkpoints crucial for fidelity.
Here, we studied how amino acids proximal to the polymerase active site con-
tribute to fidelity by examining the conformational states of polymerase deriv-
atives that act as ‘‘mutators’’, i.e., have decreased fidelity. For example, an
